. (1974). Thorax, 29,[624][625][626][627][628][629][630][631][632]. Haemolysis with Bjork-Shiley and Starr-Edwards prosthetic heart valves: a comparative study. A comparison was made of the haemolytic complications in 85 patients with two different types of Starr-Edwards cloth-covered ball and cage prosthesis with those in 44 patients with the Bjork-Shiley tilting disc valve. Intravascular haemolysis, as detected by the presence of haemosiderinuria, occurred significantly less often with the Bjork-Shiley than with the Starr-Edwards valve, the overall incidence with aortic, mitral or multiple replacements being 31%, 15%, and 20% for Bjork-Shiley and 94%, 92%, and 88% for Starr-Edwards valves respectively. There was no significant difference in the frequency of haemolysis between each of the two types of StarrEdwards prosthesis studied at either the aortic (2300 versus 2310 model) or mitral (6300 versus 6310) site.
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Haemolytic anaemia developed in only one patient with a Bjork-Shiley valve but was common though usually mild with Starr-Edwards prostheses, particularly aortic valve replacements with the 2300 model and in aortic plus mitral (+4-tricuspid) replacements. The greater severity of haemolysis produced by Starr-Edwards valves, again especially of the latter types, was further demonstrated by higher serum lactate dehydrogenase and 24-hour urinary iron levels.
It is concluded that the Bjork-Shiley tilting disc valve represents a significant advance in the amelioration of the haemolytic complications of prosthetic valves.
Some degree of intravascular haemolysis is common with many types of cardiac valve prosthesis (Marsh and Lewis, 1969) . The ball and cage type developed by Starr and Edwards is probably the most widely used (Braunwald and Detmer, 1968) , and its frequent association with haemolysis, more marked with aortic valve replacements, is well documented (Yacoub and Keeling, 1968; Myhre and Rasmussen, 1969; Walsh, Starr, and Ritzmann, 1969) . A consequent anaemia, though not uncommon, is infrequently a serious complication (Kastor et al., 1968; Rodgers and Sabiston, 1969; Slater and Fell, 1972) .
The Bjork-Shiley tilting disc prosthesis was introduced clinically by Bjork in 1969 (Bjork, 1969) . This comprises a plastic or pyrolytic carbon disc which is suspended and pivots between two support legs attached to the valve ring. The distinctive haemodynamic features of this arrangement as compared with the central occluding ball-valve type are that it allows a more central and laminar flow of blood and produces over aortic valves a smaller systolic peak pressure gradient (Bjork, women; mean age 44, range 21-66 years) and those with ball and cage Starr-Edwards prostheses (37 men and 48 women; mean age 42, range 27-55 years). A total of 129 cases were finally investigated since StarrEdwards valves in two patients required replacement with Bjork-Shiley prostheses. The aortic (A) and mitral (M) Starr-Edwards valves were all of the Teflon-covered metal cage and stellite metal ball type, either models 2300 (A) and 6300 (M) or models 2310 (A) and 6310/6320 (M) which have a wider orifice and in which the cloth on the valve ring is protected by metal studs ('composite seat' prostheses). StarrEdwards tricuspid valve replacements were the lowprofile non-tilting disc models 6500 (metal disc) or 6520 (plastic disc). The distribution in the patients of the type and site of valve replacement is detailed in Table I .
Full haematological values were determined using the Coulter Counter Model 'W'. Blood film examinations and reticulocyte counts were performed by standard methods (Dacie and Lewis, 1968) . Urine was examined for haemosiderin, and urinary iron excretion was estimated as described by Slater and Fell (1972) . Serum lactate dehydrogenase levels were assayed on the LKB 8600 Reaction Rate Analyser at 37'C using the Boehringer test combination kit (normally not >525 iu/l). The criterion for the diagnosis of intravascular haemolysis was the presence of persistent haemosiderinuria. Anaemia was defined as a haemoglobin of less than 13,5 g/ 100 ml with a packed cell volume of less than 40% in the male, the corresponding values for the female being 11 5 g/100 ml and 35% (Dacie and Lewis, 1968) . Haemolytic anaemia (uncompensated haemolysis) was diagnosed when anaemia occurred on at least two consecutive occasions in the presence of haemosiderinuria and red cell fragmentation and in the absence of any other unrelated precipitating cause. A comparison between each of the two types of Starr-Edwards valve at either the aortic or mitral position shows no difference in the high incidence of haemolysis. However, haemolytic anaemia has developed more often with the 2300 aortic valve than with the 2310 model, although the difference does not reach conventional levels of significance in the numbers studied (x'=307, 011>P>005). Comparison between valve sites There has proved to be no significant difference in the incidence of haemolysis between aortic and mitral replacements, between patients with aortic prostheses and those with aortic plus mitral (+4=tri-cuspid) prostheses, or between mitral and mitral plus tricuspid replacements, comparisons being made between equivalent valve types. Nonetheless haemolysis has been more severe with the aortic 2300 valve than with the mitral 6300, as evidenced by a greater incidence of haemolytic anaemia (0-005>P>0-001) as well as by higher levels of serum lactate dehydrogenase and urinary iron B-S (13) 11 (85%) 2 (15%)
(see below). It has been equally severe with Starr-(P<001 The severity of haemolysis was also much greater with Starr-Edwards than with Bjork-Shiley prostheses, as evidenced by the more common occurrence of haemolytic anaemia, the lower haemoglobin levels, and the higher reticulocyte and LDH levels. Haemolysis was particularly marked with the Starr-Edwards 2300 aortic valve, anaemia occurring in 10 out of 15 patients, whereas only one case of haemolytic anaemia developed with Bjork-Shiley valves, an aortic replacement, and this was transient and mild. The degree of haemolysis, if not its frequency, was also related to valve site, being more severe with the 2300 aortic than with the 6300 mitral valve, and equally severe with Starr-Edwards aortic plus mitral (+tricuspid) replacements. There were, however, no significant differences in the lesser degrees of haemolysis between the 2310 aortic and 6310/20 mitral valves, or between the BjorkShiley aortic and mitral valves.
The incidence of haemolytic anaemia in this study is greater than the <5-15% incidence previously reported (Kastor et al., 1968; Myhre and Rasmussen, 1969; Rodgers and Sabiston, 1969; Walsh et al., 1969) , but this is probably due to differences in the types of prostheses studied and to imprecise differences in the definition of anaemia. We have accepted as anaemic all cases with haemoglobin and packed cell volume levels consistently below the lower limit of normal according to sex, as defined by Dacie and Lewis (1968) . More recent studies have shown similar high figures for the incidence of haemolytic anaemia with cloth-covered Starr-Edwards valves (Eyster, Rothchild, and Mychajliw, 1971; Crexells et al., 1972) . Nonetheless, in nearly all cases in this study (25/29) the anaemia has been mild (Hb 9-0+g/100 ml), and in the remaining few the haemoglobin has fallen between 7-0 and 9 0 g/100 ml. In 11 patients the anaemia has resolved in association with oral iron; in another 11 patients a recurrent or continuous mild anaemia has persisted; and in four (mild) cases no further followup is yet available. Only three patients, all with aortic cloth-covered prostheses, have required operation because of resistant severe anaemia. In one of these (with a 2300 model) the valve orifice was found to be lined by pale (? fibrinous) deposits; in another (2300) the cloth on the cage struts was badly worn and shredded; and in the third (2310) there was severe regurgitation. It should be stressed, therefore, that despite the high incidence of haemolysis and haemolytic anaemia, the clinical outcome following operation in the majority of the patients with StarrEdwards prostheses has been very satisfactory.
A positive correlation has been reported between the measured urinary iron excretion and the degree of haemosiderinuria (Slater and Fell, 1972) , which in turn bears a direct approximate relationship to the severity of intravascular haemolysis (Crosby and Dameshek, 1951; Slater and Fell, 1972) . In this study the high urinary iron losses with Starr-Edwards prostheses, especially the aortic 2300 valve, further reflect therefore the greater degree of haemolysis with them in comparison to the Bjork-Shiley valves with which the measured urinary iron output was usually within normal limits. The practical significance also of excess urinary iron excretion is that this may lead to iron deficiency and precipitate or aggravate anaemia in patients with chronic intravascular haemolysis (Sears et al., 1966; Walsh et al., 1966; Reynolds, Coltman, and Beller, 1967; Walsh et al., 1969) . Twelve of the anaemic patients in this study had obvious blood film and/ or serum evidence of iron deficiency. Treatment with iron may allow the establishment of a compensated haemolytic state, and it has also been recommended as a routine prophylactic measure in the presence of persistent appreciable haemosiderinuria (Slater and Fell, 1972) . On the basis of these results it would appear generally unnecessary to prescribe prophylactic iron supplements to patients with Bjork-Shiley valves.
The almost constant presence of haemolysis with Starr-Edwards aortic cloth-covered valves is well recognized (Walsh et al., 1969; Myhre, Dale, and Rasmussen, 1970; Eyster et al., 1971) . Crexells et al. (1972) have demonstrated, as in this study, the equally high incidence of haemolysis irrespective of valve site. These reports have dealt mainly with the earlier 2300 aortic and 6300 mitral valves, and it has been suggested that the particularly common occurrence of haemolysis with them is related to increased shearing stresses set up by raised pressure gradients over the valves, as a consequence partly of a restriction in the final orifice diameter due to Teflon covering of the valve ring (Kloster, Herr, Starr, and Griswold, 1969; Reis et al., 1970; Eyster et al., 1971) . Certainly there is evidence of a greater degree of haemolysis in aortic valves with smaller orifices (Myhre et al., 1970; Crexells et al., 1972) . In this study the incidence of anaemia was significantly higher in patients who had smaller aortic prostheses. This mechanism would be aggravated by any further reduction in orifice diameter by tissue ingrowth or thrombotic deposits (Reis et al., 1970) , and such a sequence of events may have been responsible for the severe haemolytic anaemia in one patient -in this study.
Red cells may be damaged by non-endothelialized portions of Teflon or by the stellite metal ball (Myhre et al., 1970; Crexells et al., 1972) . Furthermore, as with another patient in this study, marked wearing of the cloth-covering of the cage struts or valve seating has been reported to cause severe haemolysis (Reis et al., 1970; Boruchow, Ramsey, and Wheat, 1971; Santinga, Kirsh, and Batsakis, 1973) . Lesser degrees of cloth damage may be instrumental in the frequent development of mild haemolysis in cloth-covered prostheses, perhaps by trapping of the red cells within the interstices of the cloth or between the cloth and the underlying metal, rendering them vulnerable -to direct trauma from the ball, or by forced contact of the cells with bare Teflon fibres. This would: be analogous to the red cell fragmentation and distortion produced by intravascular fibrin strands in conditions causing microangiopathic haemolytic anaemia (Bull, Rubenberg, Dacie, and Brain, 1968) . All these possible factors are likely to 'be-accentuated in the high pressure system of S-be aortic valve and, whereas initial experience with prosthetic valves suggested that severe haemolysis was unlikely to develop in the absence of significant aortic regurgitation, it is becoming clear that as much attention should be paid to the evaluation of systolic murmurs in this area. -The 2310 aortic and 6310/6320 Starr-Edwards valves were constructed with a wider orifice to mitigate against pressure gradient factors (Kloster et al., 1970; Winter et al., 1972) . In addition, the small metal studs that protrude through the cloth on the valve ring and constitute the seat for the ball ('composite seat') also protect the cloth on the ring from wear. The results in this study suggest that, while this modification has not reduced the incidence of haemolysis in comparison with the 2300 and 6300 valves, the severity of haemolysis with the aortic prosthesis is less, and other worker §s'appear to have had similar experience (Crexells et al., 1972; Santinga et al., 1973) .
In comparison with the haemolytic properties of either of the Starr-Edwards cloth-covered valves at any site the results demonstrate a striking advantage in patients with a Bjork-Shiley prosthesis. There appears to have been little detailed published study of its haemolytic properties, though they have been reported as minimal and without clinical significance (Bjork, Olin, and Rodriguez, 1972) . Good clinical and experimental haemodynamic results are well documented (Bjork, 1969 and Messmer, Okies, Hallman, and Cooley, 1971; Olin, 1971; Bjork et al., 1972; Turner et al., 1974) .
The infrequent and mild haemolysis encountered in patients with these valves is likely to be related to the absence of high pressure gradients due to the large orifice area and the central flow design, and to a reduction in turbulence because of the more laminar flow allowed by this design. The disc does not overlap the valve seating and has a low closing velocity, and therefore any direct trauma to red cells between opposing surfaces is largely avoided compared to the ball and cage arrangement. Furthermore, apart from the outer sewing ring of Teflon there is no cloth incorporated in the model. Experimental studies have demonstrated that the flow characteristics in Bjork-Shiley prostheses produce a low energy loss across the valve, which is accompanied by a minimal degree of haemolysis, in comparison to the high energy loss and greater degree of haemolysis with the cloth-covered Starr-Edwards valves (Sallam, 1973) .
The duration of postoperative follow-up in patients with Bjork-Shiley valves has not been as long as that in patients with Starr-Edwards clothcovered prostheses. In virtually all of the StarrEdwards valve patients in this study haemolysis was already demonstrable at the time of the first detailed postoperative investigations, which in most cases took place within three to 12 months of operation and within a further 12 months in nearly all of the remainder. Of the 28 patients who developed haemolytic anaemia, 12 did so within the first three to 12 postoperative months, and 10 within the second 12 months. Since most of the Bjork-Shiley valve patients have been followed up for one to two years after operation the comparison of haemolysis between them and the patients with Starr-Edwards valves is considered appropriate and valid.
